We investigated the effects of immediate, short-term (2.5 years after logging) and long-term (about 50 years after logging) logging on tree species from different diameter size classes in three forest reserves in Peninsular Malaysia. Demographic data on number of trees, species and diameter of all trees above 1 cm diameter at breast height (dbh) were measured from three ecological plots (20 m Â 50 m) established at different elevations in each study site. The total reduction in mean basal area for trees !1 cm dbh for both logged stands was significantly different (P < 0.05), i.e. 50.9% in Compartment 118 and 51.8% in Compartment 48. All trees more than 60 cm dbh in Compartment 118 and 75 cm dbh in Compartment 48 were felled in a single selective cutting under selective management system (SMS). The removal of these genetically superior adult trees will affect the genetic quality of the remaining and subsequent regenerating gene pools. The mean basal area and tree density for seedling and sapling class (<5 cm dbh) were reduced to one-half of the original stand in Compartment 118 after logging, meanwhile an increment of 24.3% was observed in Compartment 48, 2.5 years after logging. This implies that the logging operation favoured the growth of seedlings and saplings. The net loss in trees was offset by incremental growth in surviving trees. Good regeneration was observed in the regenerated stand of Compartment 69 (RS-C69) with 28.5% and 20.5% more, respectively, in basal area and tree density for seedling and sapling class compared to Compartment 118 before logging. There were no distinct changes in species composition before and after logging in this study. The high negative correlation of basal area with relative disturbance index was observed in Compartments 118 and 48 based on botanical name or native name, indicating that the degree of disturbance was affected by the type and magnitude of disturbances in each of the localities in the compartment. This further implies that a logging operation in the compartment is not a homogeneous activity. The current harvesting system (i.e. SMS) in Peninsular Malaysia should consider the abundance of young regenerants and the genetic quality of the residuals left behind in the postharvest stands. The current mechanized logging techniques also need to be improved by adopting the reduced impact logging * Corresponding author. Tel.: +60 82 671 000x284; fax: +60 82 672 275.
Introduction
Traditionally, the timber industry has been one of the main income generating resources used in developing a country's economy. In the early 1980s, 4.4 million ha of undisturbed closed tropical forest were logged and another 1.1 million ha were degraded annually (Johnson and Cabarle, 1993) . Since forests are not only a valuable source of timber but also provide a wide range of non-timber forest products (NTFPs) as well as major environmental services, the principle of sustainable forest management is to harvest the natural forest resource (including NTFPs) without compromising its social and ecological value (Sist et al., 1998) . Conventional or mechanized logging, if uncontrolled can have high damaging effect on forest structure, composition and regenerating capacity. Hence, harvesting techniques often need to be controlled to decrease residual damage to acceptable levels for achieving sustainable forest management Pinard and Putz, 1996) . Damage control during logging is an important factor in retaining the potential for natural regeneration of the desired commercial species (Webb, 1997) . The extent of damage is largely determined by the felling intensity, that is the number or volume of trees felled per hectare (Hendrison, 1990) but strongly influenced by the nature of the logging practices (Webb, 1997) .
The volume of timber extracted varies from region to region according to the stocking of commercially valuable stems. The number or volume of trees harvested from Asian dipterocarp forest tend to be high, with the average ranging from 8 to 10 trees ha À1 or 90 to 150 m 2 ha À1 not being unusual (Cannon et al., 1994; Pinard and Putz, 1996; Sist et al., 1998) . Levels of extraction and damage in Latin America tend to be less but vary with different countries and forest types (Uhl and Vieira, 1989; Johns et al., 1996; Mason, 1996; Webb, 1997) . Logging intensity in Africa is generally the lowest of the three tropical regions due to high costs and low local demand and a limited number of species used for the export market (White, 1994; Chapman and Chapman, 1997) . It is therefore not surprising that logging commonly damages more than 50% of the original tree population (Pinard and Putz, 1996; Bertault and Sist, 1997 ). An acceptable level of timber harvesting is difficult to define. It is easier to analyse destructive felling intensities than to determine the critical levels for safe timber harvesting operations. However, recent experiments demonstrated that reduced impact logging (RIL) can reduce damage to a stand by 30-50% (Pinard and Putz, 1996; Bertault and Sist, 1997) .
Selective logging has been widely argued the most important management intervention in a selective silviculture system. According to Webb (1997) , selective logging is a harvesting system that produces disturbances similar to natural tree fall gaps. Under optimal conditions, selective logging does not significantly change forest structure (Matthews, 1989) , but stimulate natural regeneration and growth with the formation of gaps (Hartshorn, 1989) . The impacts of logging include the direct effects of the felling of harvested trees and associated damage to the residual stand where a large proportion of the remaining vegetation may be killed or damaged. Removal of a significant proportion of mature trees will reduce the potential seed sources for subsequent regeneration. Logging also leads to significant disturbance to the soil and water catchments caused by the felling of trees and the construction of logging roads and skid trails (Van Gardingen et al., 1998) . These effects of logging will directly influence the ecological processes involved in the establishment of seedlings and subsequent regeneration of the stand, and can significantly alter species composition and stand structure (Cannon et al., 1994) .
In Peninsular Malaysia, logging damage to the residuals using selective management system (SMS) is estimated to be about 30% for trees above 30 cm dbh (Griffin and Caprata, 1977) , but Burgess (1971) estimated that the basal area destroyed amounts to 55% for the extraction of only 10% of the basal area of timber. Canonizado (1978) estimated that logging damage is about 69% for trees 15-30 cm dbh and 64% for trees 30-50 cm dbh, based on a study in Jengka, Pahang. Wyatt- Smith (1954) observed that following logging, damage increased progressively and lasted for several years. This is because many trees that are only partially affected during logging may appear well initially, but could die several years later. Appanah and Weinland (1990) found that heavy damage from windthrow on a Shorea curtisii richridge top forest several years after logging. Therefore, this will raise logging damage beyond the tolerance level of 30% as estimated by Griffin and Caprata (1977) .
The aims of this paper are: (1) to investigate the effects of immediate, short-term (2.5 years after logging) and long-term (about 50 years after logging) logging on tropical tree species from different diameter size classes; and (2) to estimate the relative levels of disturbances on tropical tree species. The results obtained from this study can be used to improve the current general guidelines on pre-felling, logging and post-felling practices in Peninsular Malaysia (i.e. SMS) in order to promote regeneration of desired commercial timber species and as a consequence, sustainability of the forests. (FMUs) . The average elevation of the forest reserve is about 300 m above sea level and the mean annual rainfall recorded at the nearest rainfall station averages 2480 mm (Lim and Chin, 1995) . After preliminary survey for species abundance and logging schedule, Compartment 118, which is a virgin jungle, was selected for the study. This compartment is part of the Genetic Resource Area (GRA) Project in the Ulu Sedili Forest Reserve. The GRA project is a joint project between the Forestry Department of Peninsular Malaysia (FDPM), Johor State Forestry Department (JSFD) and the ASEAN Forest Seed Centre (AFTSC) . The size of the Compartment 118 is about 164.3 ha with the elevation ranging from 120 to 1000 m above sea level. The most commonly occurring tree species in the compartment belong to the families Dipterocarpaceae, Myrtaceae, Annonaceae and Lauraceae. The SMS was employed in this compartment, i.e. the prescribed cutting limit for all commercial trees in the compartment was not less than 60 cm dbh for dipterocarp tree species and not less than 50 cm dbh for non-dipterocarp tree species. This general prescribed cutting limit was determined based on the data from pre-felling inventory carried out before the logging operation. All trees to be felled were marked before harvesting. The availability of young regenerants in a particular logging regime and the genetic quality of the residuals left behind in the post-harvest stands are not specifically considered.
Materials and methods

Study sites
Logging operation was carried out from August to December 2000 and about 4.55 ha, or 2.8% of the compartment, were cleared for skid roads and loglanding sites prior to the logging operation. Serting Tambahan F.R. is a ridge forest located in Batu Kikir, Negeri Sembilan, Malaysia at 2850 0 N latitude and 102815 0 E longitude. Two compartments, which are virgin jungles, were selected for the study, viz. Compartment 40 (as unlogged stand) and Compartment 48 (a 2.5-year logged stand). These two compartments are located about 3 km from each other. The size of Compartment 40 is about 182.5 ha with the elevation ranging from 300 to 600 m above sea level. This compartment was not logged because of poor logging stock based on the pre-felling inventory data. Meanwhile, part of the compartment was used to construct the logging road for the logging operations in nearby compartments. A few big trees of probably S. curtisii nearby the study plot road were felled. The most commonly occurring tree species in this compartment belong to the families Myrtaceae, Meliaceae, Lauraceae and Dipterocarpaceae. Compartment 48 was identified for logging in late 1995 with logging being completed in late 1996. The size of the compartment is about 139.9 ha with the elevation ranging from 400 to 700 m above sea level and the most commonly occurring tree species in the compartment belong to the families Euphorbiaceae, Burseraceae, Annonaceae, and Lauraceae. The SMS was practised, i.e. the prescribed cutting limit for all commercial trees in the compartment was not less than 50 cm dbh for dipterocarp tree species and not less than 45 cm dbh for non-dipterocarp tree species. The minimum felling size is determined based on information on tree stocking prior to harvesting. All trees to be felled were marked before the logging operation. About 3.35 ha, or 2.4% of the compartment, were cleared for skid roads and log-landing sites prior to the logging operation.
Panti F.R. is located in Kota Tinggi, Johor, Malaysia at 1852 0 N latitude and 103853 0 E longitude. After preliminary survey of the compartments for species abundance and logging schedule, Compartment 69, which is a regenerated stand, was selected for the study. The size of the compartment is about 271.2 ha with the elevation ranging from 60 to 600 m above sea level. The most commonly occurring tree species in the compartment belong to the families Dipterocarpaceae, Myrtaceae, Burseraceae and Lauraceae. Logging operation was carried out from 1942 to 1950s under the Malayan Uniform System (MUS), i.e. all commercial trees not less than 45 cm dbh are allowed to be logged if there is sufficient regeneration of the species on the forest floor. If stocking is inadequate, the stand is to be left behind until after a seed year to be followed by another sampling. The system was designed for a 55-year rotation (WyattSmith, 1963; Thang, 1987) . It was calculated that this was the period required for a Shorea (meranti) sapling to attain the desired size of 45 cm dbh.
Demography survey
Demographic data on number of trees, species and diameter of all trees above 1 cm dbh were measured and tagged from six 20 m Â 50 m ecological plots established at different elevations in Compartment 118 in August 1999 in Ulu Sedili F.R. During the postfelling inventory in April 2001 (after 3 months of logging), only three demographic plots, viz. plots 4, 5 and 6 were enumerated. This was due to a landslide in the middle of the main logging road to demographic plots 1, 2 and 3. Thus, only the three demographic plots mentioned above were used to assess the direct immediate effects of logging on forest structure in Compartment 118. Meanwhile, three 20 m Â 50 m ecological plots were established at different elevations in Compartment 48 (June 1995) 
Demographic data analysis
Parameters calculated include basal area per unit area (m 2 ha À1 ), tree density per unit area, basal area and number of trees by dbh class and species richness (cumulative number of species based on scientific names or native names). Demographic data were then classified into 10 classes according to dbh, i.e. <5 cm (seedlings and saplings), 5-15 cm (poles), 15-30 cm (small trees), 30-45 cm (medium trees), 45-60 cm, 60-75 cm, 75-90 cm, 90-105 cm, 105-120 cm and >120 cm. Trees more than 45 cm dbh are considered as large trees and the further classification of diameter class of >45 cm dbh are to verify the status of the forest. All calculations and sorting of data were performed using Microsoft Excel worksheets. Eight demographic parameters were determined for each species in all the study plots using the formula described by Narayanan and Swarupanandan (1996) 
Relative importance value index ðRIVIÞ ¼ importance value index 3
To estimate the relative disturbance index (RDI), IVI of each species were calculated. The RIVI for each species was determined from the IVI of each species. The range of the RIVI calculated for each species was divided into 10 equal classes and assigned a climax adaptation index (AI) of 1 for the lowest class and 10 for the highest class in order of increasing magnitude (Brown and Curtis, 1952) . The ecological interpretation of AI is that, if you sat on a newly cleared area, you would see a sequence of trees appearing in the order of their climax adaptation numbers. The product of RIVI and the corresponding AI were summed for all the species in each plot to determine the continuum index (CI) (Curtis and McIntosh, 1951) . CI is based on the concepts of succession and climax, and enables the stands to be ordered on a linear scale. The linear ordering also reflects the successional position of the stands and denotes the role of environment and the extent of disturbance on a site. The CI for the studied plots was arranged in order of increasing magnitude. An index for the level of disturbance (RDI) was assigned for each plot based on the relative differences in magnitude of CI. The plot with lowest CI was given an index of 1 and the others were determined based on the relative differences in CI. Smaller CI indicates a relatively lower level of disturbance (Narayanan and Swarupanandan, 1996) .
Non-parametric statistics were used to find out whether there was any significant difference in the values of basal areas or tree densities between compartments for before and after logging in the same compartment. Kruskal-Wallis (KW) test was used for two sample comparisons in this study. All of the above analyses were performed using the SPSS 6.0 (Norusis, 1993) computer program. The demographic data of Compartment 48 was also analysed to determine the direct short-term effects of logging on basal area, tree density and spatial dispersion patterns of S. curtisii. Morisita's index of dispersion (Morisita, 1959) was calculated for S. curtisii from demographic plot 2 in Compartment 48, Serting Tambahan Forest Reserve. The Morisita's index was not calculated for demographic plots 1 and 3 due to insufficient sample size for S. curtisii in the demographic plot. The index is given by the formula:
where n is the number of quadrats, N the total number of individuals observed and P X 2 the squares of the numbers of individuals per quadrat, summed over all quadrats. The x 2 ¼ ½ðn P X 2 =NÞ À N was used to test for the significance of the departure from a random distribution shown by the index. The index is 1 for random dispersion patterns, 0 for uniformity and >1 for aggregated or clumped populations.
Results
3.1.
Immediate effects of logging on forest structure in Ulu Sedili F.R.
The mean basal area (for trees !1 cm dbh) in Compartment 118 before logging based on six and three demographic plots was 39.25 AE 3.68 and 33.66 AE 1.57 m 2 ha À1 , respectively, in Ulu Sedili F.R. The difference between mean basal areas based on six or three demographic plots was only 14.2% (Table 2) . The mean basal area after logging (based on three demographic plots, viz. plots 4, 5 and 6) was 17.48 AE 5.39 m 2 ha À1 , i.e. a significant reduction of 48.1% (KW test, P < 0.05) with the largest diameter class (>45 cm dbh) being most affected (Table 3) as these were the trees that were chosen for felling. The area cleared for logging roads, skid trials and log-landing sites was 4.55 ha or 2.8%. Hence, the total reduction of mean basal area (for trees !1 cm dbh) based on three demographic plots in Compartment 118 after logging was 50.9%. This value is rather conservative because the total reduction of mean basal area after logging based on six demographic plots was 58.2%. Mean tree density (for trees !1 cm dbh) after logging was decreased by 46.6%, i.e. from 3507 to 1873 trees ( Table 2 ). All large trees more than 60 cm dbh were felled in a single selective logging event (Table 3) under the prescribed cutting limits by the Forestry Department, Johor. The mean basal area and tree density for seedling and sapling diameter class (<5 cm dbh) after logging were reduced to about half of the original stand (Table 3) . For dipterocarp species, the mean basal area (for trees !1 cm dbh) was 11.53 and 3.87 m 2 ha À1 before and after logging (Table 4) , respectively. There was a significant reduction of 66.4% (KW test, P < 0.05) with the largest diameter class (>45 cm dbh) being most affected (42.8%). The mean tree density (for trees !1 cm dbh) was decreased by 49.2%, i.e. from 604 to 307 trees after logging (Table 4 ). The seedling and sapling diameter class (<5 cm dbh) was wellrepresented before and after logging, contributing 64.1% and 60.9% of the total tree density, respectively, in Compartment 118 (Table 5) .
Species richness before and after logging in the three ecological plots was variable within narrow limits with no clear difference (Table 6 ). When the three demographic plots for before and after logging were pooled, the total number of families was 33 and 30, respectively. Meanwhile, based on the native name, the total number of species observed was 89 and 72, respectively, for before and after logging. The commonly occurring families in the before and after logging plots were unchanged, i.e. Dipterocarpaceae, Myrtaceae, Annonaceae, Lauraceae and Myristica- ) 2317 (821) 837 (153) 227 (35) 93 (7) 23 (7) 7 (7) 3 (3) 0 (0) ) 1113 (246) 537 (98) 160 (82) 57 (29) ) 2793 (805) 897 (185) 140 (26) 77 (3) 27 (12) 10 (6) 
Figures in parentheses are standard errors. ceae. The number of dipterocarp species by diameter class before and after logging in Compartment 118 was only marginally different except for >45 cm dbh class (Table 5) . The commonest species, in terms of density was Dryobalanops aromatica, Shorea laevis, Shorea macroptera, Hopea sp. and Shorea pauciflora. Relationship between tree density (TD) and basal area per hectare (BA) with relative disturbance indices (RDI) was carried out based on the local name by the foresters from Forestry Department, Johor. BA was negatively correlated with RDI (r = À0.971, P = 0.029) for the Compartment 118 after logging (Fig. 1a) . In contrast, TD was not significantly correlated with RDI. The negative correlation between BA and RDI shows that the relative disturbance for the different plots followed the principle of continuum index (CI). CI was lowest (154.75) before logging in Compartment 118 (BF-118) and highest (403.65) after logging in plot 4 (AF-P4) ( Table 7) . According to Narayanan and Swarupanandan (1996) , smaller CI 
where Y is the basal area per hectare and x the particular degree of RDI values. There was no significant difference between the calculated RDI values and RDI values estimated using the above formula.
3.2. Short-term effects of logging on forest structure in Serting Tambahan F.R.
The mean basal area (for trees !1 cm dbh) in Compartment 48 before logging (BF-C48) was much higher than that in Compartment 40 or unlogged stand (UL-C40), Serting Tambahan F.R. This is mainly due to higher tree densities in Compartment 48 before logging. Based on the pre-felling inventory, the mean basal area of BF-C48 and UL-C40 were 49.86 AE 5.90 and 34.24 AE 9.83 m 2 ha À1 , respectively (Table 2 ). After 2.5 years of logging in Compartment 48 (LS-C48), the mean basal area of the compartment was 25.24 AE 3.87 m 2 ha À1 , i.e. a significant reduction of 49.4% (KW test, P < 0.05) with the large tree diameter class (>45 cm dbh) showing the largest reduction (Table 3 ). The area cleared for skid roads and log-landing sites was 3.35 ha or 2.4% reduction of total vegetative covered in the compartment. Hence, the total reduction of mean basal area (for trees !1 cm dbh) was about 51.8%. However, according to Lee (1999) , during the sampling of residuals after the logging operation was completed some burnt areas and vegetable farming were observed. The fire can kill the seedlings and saplings, and encourage the invasion of fire resistant species. Therefore, the 51.8% reduction in basal area is a conservative estimate. Mean tree density (for trees !1 cm dbh) after logging in Compartment 48 was decreased by 18%, i.e. from 4197 to 3440 trees (Table 2 ). All trees more than 75 cm dbh were removed in a single selective logging event. The mean tree density for the seedling and sapling diameter class (<5 cm dbh) was decreased by 14.5% although there was increased in basal area (24.3%) 2.5 years after logging (Table 3) . The proportion of dipterocarp species before logging in Compartment 48 was only 18.5% of the total basal area (49.87 m 2 ha À1 ). This was largely due to less abundance of dipterocarp species (248 out of 4201 trees). The mean basal area (for trees !1 cm dbh) was reduced significantly by 75.8% (KW test, P < 0.05) after logging with the largest diameter class (>45 cm dbh) constituting of 66.6% being most (Tables 4 and 5 ). The tree density (ha À1 ) was decreased by 44.4% 2.5 years after logging in Compartment 48. The dipterocarp species only contributed 6.9% or 4.9% of the total basal area or tree density in Compartment 40. The mean basal area and tree density for seedling and sapling class (<5 cm dbh) and poles (5-15 cm dbh) in Compartment 48 were reduced to about one-half of the original stand 2.5 years after logging (Table 5 ). These results indicate quite clearly that the smallest diameter class and large trees (>45 cm dbh) of dipterocarp species were most affected during the logging operation.
There was no clear difference in species composition in the before and after logging plots in Compartment 48 (Table 6 ). The total number of families in Compartment 48 was unchanged 2.5 years after logging (53 families) across the demographic plots. For the respective plots, the total number of species based on botanical or native names was only marginally different after logging. The most commonly occurring families were similar before and 2.5 years after logging in Compartment 48, i.e. Euphorbiaceae, Annonaceae, Burseraceae, Ebenaceae and Lauraceae. Dipterocarpaceae was less dominant in Compartment 48. In Compartment 40, the total number of families and species based on native name was 24 and 49, respectively, across the three demographic plots. Of the 10 commonest families, in terms of tree density, in each of the three plots, five, viz. Myrtaceae, Meliaceae, Lauraceae, Dipterocarpaceae and Leguminosae were common to all three plots. The number of dipterocarp species by diameter class 2.5 years after logging in Compartment 48 varied but no significant difference was observed compared to before logging in Compartment 48 (Table 5) . The commonest species, in terms of tree density, was S. curtisii, Vatica odorata and Shorea leprosula observed before and 2.5 years after logging in Compartment 48. In contrast, there were only three dipterocarp species observed in Compartment 40, i.e. S. curtisii, S. leprosula and S. laevis.
Relationship between TD and BA with RDI was carried out based on the botanical and native name of each species in the plots in Compartment 48 (Table 7) . BA as in Compartment 118 was negatively correlated with RDI for the Compartment 48 after logging based on the botanical (r = À0.988, P = 0.012) (Fig. 1b) and native name (r = À0.987, P = 0.013) (Fig. 1c) .
However, the RDI values were lower or underestimates based on native name. This is because one local name can be used for many tree species. In contrast, TD was not correlated with RDI values estimated based on botanical or native names. The respective regression formulas for basal area based on a general linear model (GLM) are: (11) where Y is the basal area per hectare and x the particular degree of relative disturbance index (RDI) values. The calculated RDI values based on native name were not significantly different from the RDI values estimated from botanical name. Moreover, there was no significant difference observed between calculated RDI values and RDI values estimated using above formula. This suggests that both formulae could be used to estimate RDI values in other compartments if basal area data are available. It should be noted that these formulae do not give anything more than an indication of the degree of the type and magnitude of disturbances in each of the localities in the forest. Indeed, it is improbable that anything more accurate could ever be given since there would always be variations due to stand, topography and experience of workers, which could vary the estimation of both CI and RDI values.
3.3. Long-term effects of logging on forest structure in Panti F.R.
The indirect comparison of long-term effects of logging (about 50 years after logging) was carried out between Compartment 118 before logging (BF-C118) as an unlogged stand in Ulu Sedili F.R. with the regenerated stand of Compartment 69 (RS-C69) in Panti F.R. The distance between the compartments is about 10 km. The mean basal area (for trees !1 cm dbh) was only marginally different between BF-C118 and RS-C69, i.e. 2.3% lower at RS-C69 (Table 2) . For seedling and sapling diameter class (<5 cm dbh), the mean basal area in the RS-C69 was 28.5% more than that in BF-C118 meanwhile the small trees class (15-30 cm dbh) basal area was significantly less (47.5%) than that in BF-C118 (Table 3 ). In terms of mean tree density, RS-C69 was 12.6% more compared to BF-C118 (Table 2) . This was largely due to a much higher density at the minimum size class (<15 cm dbh). There were 20.5% and 7.2% more trees in the seedling and sapling diameter class (<5 cm dbh) and in the pole diameter class (5-15 cm dbh), respectively (Table 3) .
Despite the large differences in basal area for the small tree class, the total basal area in both compartments was only marginally different. Thus, the lower basal area in the small tree class in RS-C69 was compensated for by the greater basal area contributed by the large number of trees in the smallest and largest size classes in the stand. Therefore, this site carrying capacity, in terms of basal area in a unit of forest, showed that any departure from this level caused by logging activities or other larger-scale disturbances sets in motion forces that tend to bring back this equilibrium (Manokaran, 1996) . Movement towards equilibrium with respect to basal area in a unit of forest has been shown through long-term studies in primary dipterocarp forests by Manokaran and Swaine (1994) . Thus, net loss in trees was offset by incremental growth in surviving trees. For dipterocarp species, the mean basal area (for trees !1 cm dbh) in RS-C69 was significantly less by 61.0% compared to that in BF-C118. There were 37.7% less trees in RS-C69 compared to BF-C118 (Table 4) . The seedling and sapling diameter class (<5 cm dbh) was wellrepresented in RS-C69, contributing 81.6% of the total density, but not in the large diameter class (>30 cm dbh) trees (Table 5) .
In terms of species composition, RS-C69 had slightly less species and families across plots than BF-C118 (Table 6 ). The total number of families and species based on native names in RS-C69 were 35 and 64, respectively. The most commonly occurring families in RS-C69 were Dipterocarpaceae, Myrtaceae, Lauraceae, Myristicaceae and Burseraceae. Species composition of dipterocarp species in RS-C69 had slightly less species than that in BF-C118 (Table 5) . When the three demographic plots were pooled, the total number of species in RS-C69 was 13 meanwhile in BF-C118, it was 21, i.e. a 38.1% difference in species number. The commonest species observed in RS-C69 were Dipterocarpus verrucosus, S. macroptera, S. pauciflora, Hopea sp. and Shorea parvifolia.
3.4. Demography survey of S. curtisii in Compartment 48 in Serting Tambahan F.R.
The mean basal area (for trees !1 cm dbh) for S. curtisii before and 2.5 years after logging was 9.41 and 0.71 m 2 ha À1 (Table 8) , respectively, in Compartment 48, i.e. a significant reduction of 92.5% (KW test, P < 0.05). The largest diameter class (>45 cm dbh) was most affected, i.e. from 10 to 5 trees per hectare, as these were the stems that were chosen for felling. Moreover, S. curtisii is the main commercial timber species in ridge crests of hill dipterocarp forest. The biggest S. curtisii tree recorded in the demographic plot was 140.2 cm dbh and comprised 15.4 m 2 in basal area. In terms of tree density, there was a 64.5% reduction in the number of S. curtisii trees per hectare (for tree !1 cm dbh) 2.5 years after logging in Compartment 48. The tree density for poles (5-15 cm dbh) and small trees (15-30 cm dbh) was most affected after a single selective logging operation. There was no S. curtisii tree in small tree diameter class observed 2.5 years after logging in Compartment 48 (Table 8) . Therefore, in situations like this, selective cutting results in very unsatisfactory residual stocking. According to Fox (1967) and Wyatt-Smith (1988) , there is poor representation of the middle sizes of trees in the Malaysian dipterocarp forests, but large trees, and small seedlings and saplings are well (Walton, 1954) . These intermediate-sized trees will be cut in the next cutting cycle. The Morisita's index of dispersion (Morisita, 1959) for S. curtisii from demographic plot 2 before logging was greater than one (I d = 1.63, P < 0.05) indicating that the distribution pattern of this species is clumped or gregarious in the ridge crests of hill dipterocarp forests (Fig. 2a) . Smith and Smith (2001) reported that clumped or gregarious distributions among plants are often influenced by the nature of propagation and specific environmental requirements as well as seed germination and survival of seedlings. The clumped occurrences of S. curtisii are correlated with the special features of the habitat (Whitmore, 1984) . Burgess (1969) in his autecological study of S. curtisii in Peninsular Malaysia found considerable evidence that S. curtisii is restricted to dry sites. Unfortunately, the distribution pattern of S. curtisii in plot 2 after logging could not be determined due to limited sample size (Fig. 2b ). It will be interesting to examine the long-term effects of logging on the spatial dispersion pattern of S. curtisii.
Discussion
The mean basal area and tree density in Compartments 40 and 48, Serting Tambahan F.R. and Compartment 118, Ulu Sedili F.R. are fairly uniform among compartments (Table 2) . Dawkins (1958) suggested that the basal area of tropical rain forests throughout the world probably ranged between 18 and 50 m 2 ha À1 (for trees !10 cm dbh). This agrees with estimates of basal area in the present study. The changes in primary forest generally are light compared to changes in forest undergoing succession. For instance, Lang and Knight (1983) found that over 10 years, there was a considerable increase in basal area (from 25.7 to 31.4 m 2 ha À1 ) and a shift in the number of individuals to larger size classes in a 60-year-old forest on Barro Colorado Island, Panama. The RS-C69 can be considered as mature forest as other primary forests in this study, in terms of basal area and tree density recorded (Table 2 ). For trees >45 cm dbh or categorized as large trees in RS-C69 was 53.2% and 30.3% more, respectively, in basal area and tree density compared to BF-C118. This means that the abundance of young regenerants are considered before logging operation is commenced in this compartment, as prescribed under MUS. Based on the linear regression analysis, the size class distribution patterns of all trees in the RS-C69 was not significantly different or showed different distribution patterns from that in the BF-C48, in terms of basal area (Fig. 3) . Meanwhile other compartments showed significant differences (P < 0.05) or similar distribution patterns. For tree density, all compartments showed significant differences (P < 0.05) or similar patterns of diameter class distribution (Fig. 4) . The frequency distribution in different size classes for tree density showed the strong reverse-J distribution of the type III survivorship curve (Krebs, 1994) , suggesting a negative exponential relation in population size between the size classes.
The total reduction in mean basal area for all trees !1 cm dbh for both logged compartments was significantly different (P < 0.05), i.e. 50.9% in Compartment 118 and 51.8% in Compartment 48 under SMS in Peninsular Malaysia. It seems that logging damage to the residual stands was not affected by the cutting limits for the selected species as practised under SMS for both compartments. The extent of damaged is strongly influenced by the nature of the logging practices (Webb, 1997) . Thus, harvesting techniques often need to be controlled to decrease the residual damage to acceptable levels. However, the losses recorded here are those immediately after logging and 2.5 years after logging, and there may be further mortality as other damaged trees die. Marn and Jonkers (1982) recorded 35% mortality of trees suffering minor damage after logging in Malaysia. According to Borhan et al. (1987) , under SMS, logging damage to the residuals was estimated at about 8-38% but Burgess (1971) estimated that the basal area destroyed amounts to 55% for the extraction of only 10% of basal area of timber. Therefore, the results obtained in the present study were lower than that reported by Burgess (1971) . Canonizado (1978) estimated that logging damage was about 64-69% in Malaysia.
A successful polycyclic felling programme (e.g. SMS) depends on ensuring that no more than 30% of intermediate-sized residual trees (of 30 cm dbh and above) are damaged (Griffin and Caprata, 1977) and that seedlings and saplings are not destroyed (Aiken and Leigh, 1992) . In this study, felling damages to intermediate-sized residual trees were higher than the tolerance level of 30% estimate, i.e. 49.2% immediately after logging in Compartment 118 and 39.9% 2.5 years after logging in Compartment 48. Wyatt-Smith (1954) observed many trees that are only partially affected during logging may appear well initially, but could die several years later. Appanah and Weinland (1990) found that heavy damage from windthrow on a seraya-ridge top several years after logging. Therefore, this will raise logging damage beyond the tolerance level of 30% as estimated by Griffin and Caprata (1977) . The extent of logging roads, skid trials and log-landing sites were slightly higher in Compartment 118 than in Compartment 48, i.e. 2.8% and 2.4%, respectively. However, these figures are amongst the lowest recorded; in other studies damage levels of 4.0-26.0% have been reported (Nicholson, 1958a; WyattSmith and Foenander, 1962; Uhl and Vieira, 1989; Crome et al., 1992) . The high proportion of these areas may be related to poor logging control or logging techniques. Log-landing soils were significantly more compacted than the logging roads and skid trials. These areas show very poor recovery of soil properties and vegetation (Malmer and Grip, 1990) . In a logged dipterocarp forest in Sabah, 27% of the area was covered by tractor tracks and 42% of the seedlings were destroyed (Fox, 1968) . Therefore, artificial regeneration via enrichment planting of selected species could be carried out for those areas.
As may be expected, the largest size classes are damaged completely during logging operations, as these are the stems (e.g. the dipterocarp tree species) that are chosen for felling. Chapman and Chapman (1997) reported that highest levels of damage in the largest and also smaller diameter size classes. In Fig. 4 . Diameter class distribution for trees !1 cm dbh for tree density (number of trees per hectare) in four compartments from three forest reserves in Peninsular Malaysia. Compartments 118 and 48 after logging, all trees more than 60 and 75 cm dbh, respectively, were felled in a single selective cutting under SMS. The removal of these genetically superior adult trees adversely affects the genetic quality of the remaining and subsequent regenerating gene pools. For instance, the reduction in population density of S. curtisii adult trees (!30 cm dbh) after logging (from 15 to 5 trees per hectare) may expose to inbreeding depression and loss of viability. Obayashi et al. (2002) found that the outcrossing rate of S. curtisii in the selectively logged plot (52.2%) was significantly lower than that in the undisturbed plot (96.3%). This decline of outcrossing rate in the selectively logged plot may result from the low density of conspecific flowering trees and the high rate of selfing. Similar results were also reported by Murawski et al. (1994) for reduction in population density of an insect pollinated dipterocarp species Shorea megistophylla following a selective logging event, which decreased the outcrossing rates. In Compartment 48, an increase in mean basal area of 24.3% in seedling and sapling class (<5 cm dbh) was observed 2.5 years after logging under SMS. This indicates that logging operation favoured the growth of seedlings and saplings. The net loss in trees was offset by incremental growth in surviving trees. However, the mean basal area and tree density for this diameter class (<5 cm dbh) were reduced to onehalf of the original stand in Compartment 118 after logging. Generally, increased growth rates are frequently observed in residual trees following selective logging (Jonkers, 1987; Wan Razali, 1989) . The residual trees in moderately and lightly logged areas had a slightly faster growth rate than in the unlogged areas, while the most heavily logged areas had the slowest growth rate (Chapman and Chapman, 1997) . Many authors have also reported enhanced growth of dipterocarp seedlings in higher light intensities (Sasaki and Mori, 1981; Whitmore, 1984; Ang, 1991; Manokaran and Swaine, 1994) and growth rates in the logged forest have been correlated with crown exposure (Korsgaard, 1992; Van Daalen, 1993) . If canopy openings are too large, the high light intensities may promote the rapid growth of lightdemanding vines and pioneer trees (secondary species), which smother dipterocarp seedlings and other vegetation (Priasukmana, 1989; Cannon et al., 1994; Nussbaum et al., 1995) .
However, damage occurred in all size classes as falling trees and logging machinery damaged other stems indiscriminately in the present study. Johns (1988) noted that the distribution of trees across diameter classes did not differ significantly before and after logging and concluded that selective logging was not selective. Both logged stands (Compartments 118 and 48) showed low damage in intermediate size classes. Woods (1989) also revealed a similar finding in a forest logged 2 years previously in Sepilok, Sabah. This is because machinery and falling trees are less likely to break intermediate-sized trees than small sized trees, i.e. small trees, poles, saplings and seedlings. Loggers will also try to avoid intermediate-sized trees as they form the next harvest and they are also easily avoided by bulldozers when making skid trails. Nicholson (1958a) and Wyatt-Smith and Foenander (1962) reported that damage to residuals (small to large classes) in a lowland forest managed under MUS varied from 28% to 45%. However, they found sufficient undamaged adolescent trees (about 8-39 trees per acre), which could ensure regeneration of the forests. Nicholson (1958a) also stated that in a recently logged forest in North Borneo under MUS, there remained an average of 10,250 commercial seedlings (less than 1.5 m tall) per acre. In this study, good regeneration was observed in RS-C69 with 28.5% and 20.5% more, respectively, in basal area and tree density for seedling and sapling diameter class (<5 cm dbh) compared to BF-C118. These results concur with the results reported by Wickneswari et al. (1997) with 18.3-28 .7% increase in tree density in a regenerated mixed dipterocarp lowland forest compared to an unlogged stand in Peninsular Malaysia. Chapman and Chapman (1997) found that the number of seedlings that emerged from the disturbed soil (seedbank and seedrain) and initially seed-free soil (seedrain) was greater in the logged forest than in the unlogged forest. However, sapling density was much lower in the heavily logged areas, suggesting that there is a high level of seedling mortality in logged areas. On the other hand, Wyatt- Smith and Foenander (1962) noted that the highest loss was saplings and this could be due to the saplings being less able to withstand the sudden canopy opening than the larger trees.
In RS-C69, the mean basal area of small trees (15-30 cm dbh) was significantly less (47.5%) compared to BF-C118 and the tree density was 38.7% less. This suggests that there is a high level of seedling and sapling mortality several years after logging in Compartment 69. Our data showed that S. curtisii seedlings and saplings in RS-C69 exhibited a substantial reduction of outcrossing rate after logging due to the reduction in population density (data not reported here). Furthermore, the irregular seed production from potential mother trees (sometimes at intervals of 2-5 years) in the residual stand most probably still caused a reduction of basal area and tree density in this class about 50 years after logging. As MUS involves extracting all the trees !45 cm dbh in a monocyclic system and removal of mature trees in the stand reduced a significant proportion of the potential seed sources for the establishment of new seedlings (Van Gardingen et al., 1998) . Plumptre (1995) found that the density of seedlings rises exponentially with an increase in the number of trees over 50 cm dbh. However, these results were obtained from only 1 year of phenological records and it is possible that for some species it was a poor year for fruit production. Studies on fruiting in beech (Fagus sylvatica) showed that as dbh increased the number of years in which a tree fruited also increased (Kaplunovskii, 1972) . In contrast, a study of dipterocarp tree species in Malaysia showed that the smaller dipterocarp residuals (>25 cm dbh) fruited in a recently logged forest under SMS (Appanah and Mohd. Rasol, 1990) . Hence, it is better to produce too many rather than too few seedlings. However, high seedling densities are also detrimental in some cases because they will attract predators or pathogens and lead to higher mortalities (Janzen, 1970) .
The high negative correlation of basal area with relative disturbance index (RDI) showed that the relative disturbance for the different plots in Compartments 118 and 48 based on botanical or native name followed the principle of continuum index (CI) (Curtis and McIntosh, 1951) . Hence, basal area may be a better indicator for monitoring the extent of relative disturbance levels in the site (Fig. 1) . Based on the present study, the degree of disturbance was affected by the type and magnitude of disturbances in each of the localities in the compartment. For instance, RDI value of 2.53 showed that there was low intensity selective logging, logging road and skid trials in plot 4 after logging (AF-P4) (Table 7) . Therefore, in general, logging operation is not a homogeneous activity in the forest.
There were no distinct changes in species composition and the number of dipterocarp species observed before and after logging demographic plots in both Compartments 118 and 48 (Tables 5 and 6 ). Similar results were also observed in RS-C69. However, there was a variation in species composition observed between plots (at different elevations) within a compartment and between compartments. Lieberman et al. (1985) reported that species composition varies subtly in relation to altitude. Thus, floristic variation discerned between the plots was consistently correlated with environmental factors, amongst which physiography was clearly important (Ashton, 1976; Manokaran and Swaine, 1994) . Meijer (1970) found that a complete floristic recovery in a heavily logged dipterocarp forests in Sabah but the structural recovery was incomplete after 40 years of logging and the regrowth forest had only 56% of the standing timber volume of a nearby unlogged forest. Another similar case was observed in Australia, with full floristic recovery in 25 years after logging but structural recovery being incomplete (King and Chapman, 1983) . However, these observations were only based on small demographic plots (20 m Â 50 m) or overall 0.3 ha in each of the compartments in the present study. A realistic assessment of changes in species composition can only be obtained from long-term observations over a large area and including sampling of juvenile populations (Manokaran and Swaine, 1994) . The longest record of demographic change available (a 34-year period) for tropical rain forest trees (Manokaran and Kochummen, 1987 ) is still substantially less than the likely generation time of tropical forest trees. Establishing clear changes in floristic composition in tropical rain forest is difficult because the majority of species in any area are represented by only a few trees. Simply by their scarcity, rare species are more likely to disappear from the plot records, but, equally, may reappear from new immigration or from a 'bank' of seedlings and saplings in the population below enumeration size (Swaine et al., 1987) . Rare species may be more prone to local extinction as a result of environmental fluctuation due to disturbances.
Conclusions
The baseline information obtained in the present study may be useful for improving the current harvesting guidelines (i.e. SMS) implemented in Peninsular Malaysia in order to promote regeneration of desired commercial species and as a consequence, sustainability of the forests. The SMS is based on a generalized cutting limit for all trees, i.e. !50 cm dbh for dipterocarp species and !45 cm dbh for nondipterocarp species. Besides, the SMS does not consider the species abundance in a particular logging regime and the genetic quality of the residuals left behind in the post-harvest stands. Therefore, the following aspects can be incorporated into the SMS based on the findings in the present study: (1) improve current logging methods; (2) adequacy of seedlings on the forest floor before and after logging; and (3) increase number of reproductive trees over 50 cm dbh.
The reduced impact logging (RIL) techniques are proposed for consideration to improve the current mechanized logging techniques applied in Compartments 118 and 48, which caused severe damage (up to 50.0%) in the residual stands. RIL operations generally include the following fundamental technical elements (ITTO, 1996) : pre-harvest inventory and mapping, pre-harvest planning of roads and skid trails, pre-harvest vine cutting, directional felling, low stumps, efficient utilisation of felled trunks, optimum width of roads and skid trials, winching of logs to planned skid trails, minimal ground disturbance and slash management. The application of RIL has been shown to significantly reduce damage to the stand caused by logging when compared with conventional logging techniques (Bertault and Sist, 1997) . Forest harvested with RIL appears to regenerate faster and with a higher percentage of commercial species compared to those logged under conventional practices. Besides, avoidance of enrichment planting is likely to be an important economic incentive for concessionaires to apply RIL on a concession scale. Some of the skid trails in the RIL are already covered in vegetation 1 year after logging, while in some cases, bare skid trails can still be found 20 years after conventional logging in the same region (Sist et al., 1998; Pinard, 1995) . This suggests that residual stands following RIL will be better able to sustain repetitive felling cycles. Nicholson (1958b) noted that seedling regeneration of dipterocarps depends on: (1) the presence of seedlings on the forest floor before exploitation, which is essential; (2) the ability of these seedlings to remain alive for a long period enough to bridge the interval between seed years; and (3) the ability of these practically dormant seedlings to respond to any light increases due to opening up of the canopy. Therefore, it is useless to expect rapid regeneration after logging in areas with up to 50.0% damage in the residual stand and inadequate number of seedlings already on the ground. In the present study, seedling and sapling densities were reduced to one-half of those in the original stand in Compartment 118 immediately after logging (Table 3) . Hence, before logging, a survey of the seedling population should be incorporated into SMS, as already implemented in MUS. If insufficient seedlings are found then the area should not be logged.
The reduction of genetically superior reproductive trees can adversely affect the genetic quality of the remaining and subsequent regenerating gene pools. If only a few reproductive trees are left behind and these are not evenly distributed, the probability of inbreeding will increase by selfing or mating between relatives. For instance, the significant reduction in mean basal area and tree density of small trees (15-30 cm dbh) in regenerated stand of Compartment 69 (about 50 years after logging) was most probably due to irregular seed production from potential mother trees and lack of reproductive trees after logging. Plumptre (1995) found that the density of seedlings rises exponentially with an increase in the number of trees over 50 cm dbh but some species of large old trees (>70 cm dbh) showed a decline in fruit production. According to Appanah (2000) , the bigger trees within the species usually produce more seedlings than the smaller individuals. Thus, it is crucial to leaving behind sufficient undamaged good quality reproductive trees to ensure good regeneration in the residual stands.
In the Malaysian context, guidelines and operational manuals for harvesting and logging road construction have been formulated by Forestry Department, Peninsular Malaysia (Benneckendorf, 1994; Anonymous, 1997 Anonymous, , 1999 Lohuji and Taumas, 1998) . Recently, several derived practices have been formulated as a general guide to redesign and retool field operations with the aim of reducing impact of logging on stand production and sustainability (Chin et al., 1996; Weinland et al., 2000) . Therefore, if these practices are properly enforced and applied there should be no major problems in reconciling environmental requirements and forest structure integrity with timber management requirements.
